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Abstract
High harmonic generation on solid and gaseous targets has been proven to be a
powerful platform for the generation of attosecond pulses. Here we demonstrate
a novel technique for the XUV generation on a smooth liquid surface target in
vacuum, which circumvents the problem of low repetition rate and limited shot
numbers associated with solid targets, while it maintains some of its merits. We
employed atomically smooth, continuous liquid jets of water, aqueous salt
solutions and ethanol that allow uninterrupted high harmonic generation due to
the coherent wake emission mechanism for over 8 h. It has been found that the
mechanism of plasma generation is very similar to that for smooth solid target
surfaces. The vapor pressure around the liquid target in our setup has been found
to be very low such that the presence of the gas phase around the liquid jet could
be neglected.
Keywords: attosecond physics, relativistic laser–plasma interaction, liquid jets,
high harmonic generation
Content from this work may be used under the terms of the Creative Commons Attribution 3.0 licence.
Any further distribution of this work must maintain attribution to the author(s) and the title of the work, journal
citation and DOI.
New Journal of Physics 16 (2014) 113045
1367-2630/14/113045+10$33.00 © 2014 IOP Publishing Ltd and Deutsche Physikalische Gesellschaft
Introduction
The coherent interaction of a high intensity laser pulse with a solid density surface is currently a
topic of intense investigations in high field laser laboratories with a number of applications.
Focusing high intensity laser pulses with high temporal contrast onto solid targets can lead to
the generation of high harmonics of the laser frequency and very high intensity light pulses on
the attosecond (as, 10−18 s) time scale [1, 2]. Due to the high intensity of the driving laser pulse
and a high conversion efficiency [3] these pulses are expected to be orders of magnitude more
intense than that of high power short pulse laser systems [4]. But they require high quality
unspoiled interaction surfaces, making it necessary to supply a fresh area of target after every
shot. Conventionally used glass plate targets last only for a few hundred up to a few thousand
shots, depending on target and damage spot size, before they have to be replaced, in contrast to
state of the art as-pulse sources on the basis of gaseous media [5]. Advances in high intensity
laser technology towards ever higher repetition rates and their first applications [6, 7] urgently
call for new target concepts. Especially in the prospect of large scale user facilities like ELI [8]
this is a critical task for making the transition from pure exploration of these new as-sources to
their application in e.g. XUV pump–probe type experiments. Promising candidates for a self-
replenishing target with no limitations on the maximum shot number are smooth jets of liquids
[9–11]. After the first demonstration of liquid jets as targets for plasma mirrors [12] several
experiments using this concept have already been performed [13, 14]. However these
experiments have been carried out under rough vacuum (50 Torr) [13] or even atmospheric
pressure [14], limiting the focused laser power to below 1014W cm−2.
In order to extend the usable laser power to intensities high enough for applications, we
study the interaction of high power laser pulses with an atomically smooth liquid surface aiming
at high harmonic generation in vacuum. This broadband, coherent emission is in many aspects
different from previous experiments with liquid jets generating quasimonochromatic,
incoherent XUV radiation [15]. Two mechanisms are known to contribute to the generation
of harmonic radiation off solid surfaces. One is known as coherent wake emission (CWE) and
described in detail in [2, 16, 17]. CWE is in general dominant for laser intensities where
relativistic effects can be neglected. At higher intensities the relativistically oscillating mirror
(ROM) mechanism is prevalent [18–21]. By looking at the highest harmonic generated, it is
possible to immediately distinguish between the two mechanisms. Since in the CWE process
plasma waves produce the XUV radiation, no light at frequencies higher than the plasma
frequency ωP of the target material can be emitted. In contrast to this clear cut-off in the CWE
mechanism, in the ROM mechanism, which can be described by relativistic Doppler upshifting,
the highest observable harmonics are determined by the focused intensity of the driving laser
and occur rather in a smooth roll-off than in a clear cut-off.
Experimental setup
For our experiments we use the ATLAS laser system at the Max-Planck-Institute of Quantum
Optics. It is capable of delivering pulses of up to 2 J in energy with duration down to 26 fs at
800 nm central wavelength. They are focused by a high quality f/2 parabolic mirror to a spot
size of ∼8 μm. The liquid enters the interaction chamber through a convergent, circular quartz
nozzle (Microliquids GmbH) with a typical aperture on the order of 10–20 μm. The nozzle is
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mounted in a horizontal configuration at an angle of 45° to the focusing laser beam. The
continuously flowing liquid jet propagates freely through the vacuum chamber for ≈10 cm and
is then collected in a double walled liquid nitrogen cold trap (see figure 1). Using such a cold
trap, a pressure on the order of 10−5mbar can be maintained in the interaction chamber during
jet operation. The volume capacity of this cold trap is the only limiting factor for the duration of
operation of the jet. In our case, depending on nozzle size and flow rate of the liquid, more than
8 h of uninterrupted experimental time is available. By using a high pressure liquid
chromatography pump a steady operation of the jet can be maintained while the temperature
of the liquid is controlled by a cryostat. The specularly reflected light is then analyzed by a
XUV-spectrometer (Acton VM-502) where single shots as well as accumulated spectra are
recorded.
In previous experiments with solid state targets [22] we have found that for effective
generation of high harmonics the roughness of the sample surface should be below 20 nm. A
liquid jet emerging from a circular nozzle propagates as a smooth cylindrical laminar flow
filament until it breaks up into droplets at distances of several millimeters downstream of the
nozzle. To effectively generate high harmonics the laser focus should be placed on this laminar
part of the jet.
Choosing the target material out of a number of available liquids some constraints have to
be kept in mind. The liquid should be non-toxic and easy to handle. But most importantly, the
vapor pressure should be low enough to minimize gas phase absorption of the incoming laser
radiation and especially re-absorption of outgoing XUV light.
In this work we perform several runs with three different liquids in the form of a high-
pressure liquid micro-jet in vacuum: pure water, an aqueous solution of LiCl and ethanol.
Results and discussion
With all three materials the generation of high order harmonics of the driving laser frequency is
possible (see figure 2). Although we cannot observe the cut-off of the CWE process (see
table 1) due to the spectral range of the spectrometer, we conclude that under the present
experimental conditions the harmonics appear to be produced solely by the CWE mechanism.
Figure 1. Experimental setup. The laser is focused on a continuously flowing liquid
target under an angle of 45°. The specularly reflected light is analyzed by a XUV
spectrometer.
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The very weak dependence of the harmonic signal on laser intensity and target position, which
is characteristic of the CWE mechanism and in strong contrast compared to observations with
ROM harmonics off glass targets [23], leads to this statement. Notwithstanding the ability to
generate harmonics off any of the three investigated liquids, they show a large difference in
XUV generation efficiency and handling during the experiments.
Water, as the most obvious candidate, shows overall very good performance in terms of
stability and high harmonic generation. By cooling the water from 21 °C down to 0 °C the
harmonic signal can be enhanced by a factor of ≈2 (see figure 3). The most significant
difference is observed by changing the temperature from 6 °C to 0 °C. Adding LiCl to the water
(solute mass fraction of 0.15 or 176 g of LiCl in 1 l of water), leads, according to Blagden’s law,
to the depression of the freezing point to −15 °C [24] and the reduction of the vapor pressure by
Figure 2. Accumulated spectrum of ≈150 shots with ≈200mJ of laser energy on target
on an aqueous solution of LiCl at −15 °C.
Table 1. Temperature, vapor pressure, mean free path of evaporated molecules directly
under the nozzle (T0, P0 and λ0) and at the position of the laser focus 3mm away from
the orifice of the nozzle (TF, PF and λF). Relative number of molecules evaporated from
the jet (vapor fraction) and expected highest harmonic by the CWE mechanism are also
shown. Nozzle ø 17 μm ( jet ø 13 μm), flow rate of 0.4ml min−1.





H2O 0 6.1 21 −21.6 1.2 97 0.53 14
3 7.5 17 −20.0 1.3 93 0.60
6 9.3 14 −19.6 1.3 90 0.66
9 11 11 −19.2 1.3 87 0.73
12 14 9 −18.9 1.4 85 0.80
15 17 7.8 −18.6 1.4 83 0.86
18 21 6.5 −18.4 1.4 82 0.93
21 25 5.5 −18.2 1.5 80 1.00
H2O/LiCl −15 1.5 81 −23.5 0.72 159 0.21 20
Ethanol −25 2.1 19 −38.0 0.66 57 0.24 12
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a factor of 0.78 [25]. Indeed an aqueous solution of LiCl shows improved performance over
pure water. The harmonic signal strength increases by going down to −15 °C. A major
drawback for the use of this liquid is the formation of Li+ and Cl− ions in the laser focus. These
ion species effectively corrode most surfaces, including optics, within the vacuum chamber.
This results in damaged optical coatings as well as battered mechanical parts.
The freezing point of the third liquid under consideration, ethanol, at −114 °C allows for
even lower temperatures of operation and accompanying low vapor pressures. This should lead
to even better performance in terms of harmonic generation. The low freezing point at the same
time also hinders the efficient trapping of the liquid within the cold trap which leads to a higher
pressure, in the 10−4mbar range, in the vacuum chamber and unpredictable, sudden jumps of
the chamber pressure.
For the analysis of the observed results and definition of optimal conditions for most
effective generation of coherent XUV light using liquid jets the vapor pressure and as a result
the trajectories and mean free paths of evaporated molecules play the key role. To simplify the
discussion we take into account only one set of experiments with a nozzle diameter of 17 μm
and a flow rate of 0.4mlmin−1.
For efficient flow from a molecular source the mean free path λ of evaporated molecules
should be larger than the size of the source d (Knudsen condition). Here we may assume that
evaporated molecules have ballistic, collision free trajectories directed, in average,
perpendicular to the liquid.
A liquid jet emerging from a nozzle contracts within a distance of a few nozzle diameters
to its final cross section d. The jet contraction primarily depends on the nozzle shape [26]. For
the nozzle in use, a water jet diameter of 13 μm was measured using HeNe laser diffraction.
Evaporation of molecules from the free surface of the liquid jet introduced in vacuum leads
to a decrease of its temperature. We use a simple one-dimensional model [10] to estimate the
evaporation cooling rates as well as the density of the vapor phase surrounding the jet (see
appendix for details). Values of the enthalpies of vaporization and specific heats used in the
simulation were taken from [27] and [28]. For jet diameters of the order of 10–20 μm and
velocities of 20–30m s−1 the model gives a cooling rate of 105K s−1 in the initial section of the
Figure 3. Temperature dependence of intensity of harmonic 7 using water as a target.
(Nozzle diameter of 17 μm, flow rate of 0.4 ml min−1). Relative number of evaporated
molecules is shown as a dash line (see text).
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liquid jet. This implies that the most significant temperature change and the most active
evaporation takes place on the first millimeter of the jet.
In our experiments the laser is focused on the jet at a distance of ≈3mm from the nozzle.
Depending on the initial temperature (T0), the type of the liquid and the jet velocity, the
temperature of the jet at the interaction point (TF) as well as the vapor pressure and mean free
path of evaporated molecules may vary. The relative number of evaporated molecules (vapor
fraction) was calculated at a distance of 3mm. For longer distances the final result does not
change noticeably. In case of ballistic trajectories, the local pressure of evaporated molecules
should decrease with distance R from the jet as 1/R to the background pressure in the vacuum
chamber (see figure 5).
The results of calculations are summarized in table 1 and figure 4. Although the drop of the
vapor fraction from a factor of 1.0–0.53 by decreasing the water temperature from 21 °C to 0 °C
corresponds to the rise of the intensity of HH7 shown on figure 3, the Knudsen condition for
molecules evaporated directly at the nozzle is reached only for an initial liquid temperature
below 6 °C. For higher temperatures the molecules remain longer nearby the jet and form an
additional ‘vapor shielding’ due to collisions. This leads to absorption of XUV light and a
decrease of the observed intensity. This conclusion is in good agreement with the
experimental data.
A very important parameter for the generation of high order harmonics is the scale length
of the formed plasma [29, 30]. It describes the distance of the critical density surface, the point
of reflection of the laser off the plasma, from the liquid surface. For all three materials the
critical density, given by nc =ω0
2meε0/e
2 with ω0 frequency of incoming radiation, e electronic
charge, me electron mass and ε0 permittivity of free space, for 800 nm wavelength is about 5
orders of magnitude higher than the density of the vapor surrounding the jet. Hence, as soon as
the Knudsen condition is reached, the laser has to traverse an under-dense plasma region of
several microns length but then interacts, similarly to the solid target case, with a very smooth
over-dense surface. As in the case of solid density targets the scale length of the plasma is
therefore only affected by the laser parameters, i.e. the temporal contrast of the high intensity
Figure 4. Variation of vapor pressure at the laser focus plane (3mm below the nozzle)
in normal direction to the jet.
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laser pulse. Hence, ROM generation on these smooth liquid surfaces is possible, but could not
be confirmed in our experiments due to the limitations of the used spectrometer.
Another question is which geometrical factors decrease the efficiency of the high harmonic
generation and their subsequent transport. First of all it should be noted that a simple cooling
trap used in the present experiments loses its efficiency after several hours of work. Formation
of a thick layer of ice inside the trap leads to backflow of vapor that reduces the stability of the
jet and leads to ice formation on the outside of the cooling trap. Over time this frozen liquid
starts to form sticks of ice at the entrance of the cold trap. These sticks grow along the incoming
water jet, eventually reaching the nozzle, freezing it up and preventing further jet operation.
To minimize the gas flow out of the trap and prevent ice formation, a trap equipped with a
skimmer with an entrance orifice of 0.1–0.5mm [11] can be employed. Another factor reducing
the harmonic signal in the spectrometer results from geometrical considerations and is common
for all liquids in use. For our studies we used circular nozzles with diameters of 12–27 μm to
generate the liquid jet. These nozzles are hence producing circular symmetric jets with
diameters of 8–20 μm. The size of the focal spot of the laser beam is also on the scale of a few
μm. Small fluctuations in the backing pressure of the jet or tiny movements of optical parts in
the laser beam line lead to μm jitter of the position of the jet relative to the focal spot. These μm
deviations of the perfect alignment of the laser on the cylindrical surface of the jet cause strong
deflections of the reflected light off the optical axis, and consequently reduce the collected
signal seen by the spectrometer. This can only be circumvented by the use of larger diameter
nozzles, which increase the gas load in the interaction chamber, or the use of flat jets—which
are under development in our laboratory at present.
In summary, we demonstrated for the first time the generation of high-order harmonics
around 100 nm wavelength off continuously flowing liquid targets (water, aqueous salt
solutions, and ethanol). It has been found that the mechanism of plasma generation is very











Figure 5. Schematic diagram of the liquid phase and vapor phase density ρ as a function
of distance from the jet. Here ρ is density of the liquid and r0 is the radius (surface) of
the jet.
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increased by lowering the vapor pressure of the liquid. The vapor pressure around the liquid
target is low enough that the presence of the gas phase around the liquid jet can be neglected for
the mechanism of high harmonic generation. Moreover, the liquid surface appears to be much
smoother than it is required for efficient generation of relativistic harmonics. Given the present
results on high vapor pressure liquid jets it is also possible to think about and apply cryogenic
liquid cryo-jets with liquefied (noble) gases. The only problem at this stage appears to be the
geometry of the liquid beam, i.e., its round shape. Our results are very promising for the use of
these targets in further applications but additional investigations in target materials and nozzle
configurations are necessary. Flat liquid jets in vacuum—which are currently under
development—hold exciting prospects for future high harmonics applications.
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Appendix
Evaporative cooling model
The simple model of jet evaporative cooling in vacuum was developed by M Faubel et al [10]





where dT0 is an infinitesimal temperature decrease, H is the heat of vaporization, Cp—the
specific heat capacity of the liquid and α the ratio of the number of molecules which have
evaporated to those remaining the jet.
As it was shown in [10], for cylindrical filament equation (1) transforms to a spatial















where vjet is velocity of the liquid jet and
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are the rate of decrease of the jet radius and the mean velocity for the evaporating molecules
respectively. For a two phase liquid–vapor system, the vapor density dependence on the liquid
temperature T0 is represented by Clausius–Clapeyron relation:
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Const exp . (5)vapor
A constant in the last equation may be found using known values of vapor density and
head of vaporization for a fixed reference temperature (Tref). For instance, in the present work
Tref = 273.15K, H(Tref) = 45051 Jmol
−1, ρliquid(Tref) = 1 × 10
6 gm−3 and ρvapor(Tref) = 4.85 gm
−3
[28] were used. It also should be noted that the ratio of the enthalpy of vaporization and the heat
capacity is nearly constant over the entire temperature range studied and both these parameters
may be assumed in equation (2) as independent of T0.
Mean free path calculation














where σcoll is the collision diameter of water (2.6 × 10
−10m) or ethanol (4.4 × 10−10m) [31].
For practical use it is more convenient to present equation (6) in form:
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